Study design: Review of publications. Objective: To assess the level of physical capacity (peak oxygen uptake, peak power output, muscle strength of the upper extremity and respiratory function) in wheelchair-dependent persons with a spinal cord injury (SCI). Setting: Erasmus MC, University Medical Centre Rotterdam, The Netherlands. Methods: Pubmed (Medline) search of publications from 1980 onwards. Studies were systematically assessed. Weighted means were calculated for baseline values. Results: In tetraplegia, the weighted mean for peak oxygen uptake was 0.89 l/min for the wheelchair exercise test (WCE) and 0.87 l/min for arm-cranking or hand-cycling (ACE). The peak power output was 26 W (WCE) and 40 W (ACE). In paraplegia, the peak oxygen uptake was 2.10 l/min (WCE) and 1.51 l/min (ACE), whereas the peak power output was 74 W (ACE) and 85 W (WCE). In paraplegia, muscle strength of the upper extremity and respiratory function were comparable to that in the able-bodied population. In tetraplegia muscle strength varied greatly, and respiratory function was reduced to 55-59% of the predicted values for an age-, gender-and height-matched able-bodied population. Conclusions: Physical capacity is reduced and varies in SCI. The variation between results is caused by population and methodological differences. Standardized measurement of physical capacity is needed to further develop comparative values for clinical practice and rehabilitation research.
Introduction
Physical capacity can be described as the capacity of the cardiovascular system, muscle groups and the respiratory system to provide a level of physical activity. 1 It is reduced in persons with a spinal cord injury (SCI) by the direct loss of motor control and sympathetic influence below the level of lesion. Additionally, the majority of persons with an SCI will be wheelchair users and dependent on arm work for mobility and activities of daily living. Subsequently, an inactive lifestyle may further reduce physical capacity. 2, 3 A low level of physical capacity is associated with a decrease in activity, 3, 4 functional status 5, 6 and participation. 2, 7 This may result in the vicious circle of decreased physical capacity leading to decreased activity and participation, which further reduces physical capacity, and so on. Furthermore, a low level of physical capacity is associated with a high risk of medical (cardiovascular) complications. 8, 9 The association of a low level of physical capacity with a relapse in different aspects of health may contribute to a reduction in quality of life. 6, 10, 11 Hence, the evaluation of physical capacity can give an indication of the potential level of activity, participation and quality of life. capacity (ie peak oxygen uptake, peak power output, muscle strength of the upper extremity and respiratory function). 3 This will help them to set targets in SCI rehabilitation. 12 Additionally, monitoring changes in physical capacity may give an indication of the effectiveness of training and rehabilitation programmes. 13 Persons with an SCI may become motivated to participate in exercise programmes when they learn about their health status and how it evolves.
Although much research has focused on physical capacity in SCI, the reported level of physical capacity varies greatly. This could be attributed to the disparity in population, methodology and presentation of results, which hamper comparisons and generalization. 1, 3, 10 Furthermore, few studies have addressed more than one component of physical capacity simultaneously. 1, 3, 12 Therefore, the purpose of this study was to integrate evidence on different components of physical capacity in SCI, by critically analysing absolute values and (in)consistencies in the literature. This way a set of comparative values for components of physical capacity in this population may be obtained. We formulated the following research question: What is the reported level of peak oxygen uptake, peak power output, muscle strength of the upper extremity and respiratory function in persons with an SCI who are wheelchair-dependent?
Methods

Data search
To gain insight into the level of physical capacity in SCI, we searched Pubmed (Medline) and included publications from 1980 onwards. SCI-related studies were explored with the Medical Subject Headings (MeSH) 'spinal cord disease' and the terms tetraplegia, quadriplegia or paraplegia. This search was combined with the following MeSH headings: 'physical fitness', 'oxygen consumption', 'exercise test' or 'spirometry'. Then the search was combined with one of the following terms: wheelchair ergometry, endurance, physical capacity, manual muscle testing, handheld dynamometry or myometry. Additionally, we scanned the references in studies, and experts checked the resultant list of studies for completeness.
Selection on topic-related criteria
To be eligible for inclusion, a study had to specify the following items: (1) Results for subjects with an SCI who were wheelchair-dependent. (2) Whether results concerned subjects with a tetraplegia or a paraplegia. (3) One of the following outcome parameters: (i) peak oxygen uptake (VO 2peak ; l/min or ml/min) and/or peak power output (PO peak ; W or kpm/min) measured by a wheelchair exercise test (WCE), arm-cranking or handcycling (ACE); (ii) manual muscle testing (MMT) grade or handheld dynamometry score (HHD; Newton or kg) for the upper extremity; (iii) forced expiratory flow per second (FEV1) or forced vital capacity (FVC) as absolute values in litres, or as a percentage of the predicted values for an age-, gender-and heightmatched able-bodied population; (4) The method used. Figure 1 shows a flowchart for the study search and selection.
Selection on methodological criteria
The resultant 67 studies were assessed on their methodological quality. Because we were interested in baseline values of physical capacity, we abbreviated an established checklist for the evaluation of effect studies. 14, 15 Studies that specified seven of the following items were assumed to be methodologically fit for inclusion. Data extraction A data extraction form was used to collect information on population characteristics, methods and results. We calculated the weighted means of the combined results.
Results
Tables 1-3 summarize the data of the selected studies. Figures 2 and 3 show mean results for the studies and their combined weighted means.
Peak oxygen uptake and peak power output Most selected studies assessed subjects with a paraplegia. Most subjects were men, who participated in sports, were on average 30 years old, and were assessed 46 years post-injury. There was variability among the profile used, the starting power output or velocity and the subsequent increments. For paraplegia, the mean VO 2peak during the WCE (Table 1a ) ranged from 1.10 to 2.51 l/min (weighted mean 2.10 l/min; Figure 2a ) and the mean PO peak ranged from 46 to 102 W (weighted mean 74 W; Figure 2b ). During ACE (Table 1b) , the mean VO 2peak ranged from 1.03 to 2.34 l/min (weighted mean 1.51 l/min; Figure 2a ) and the mean PO peak ranged from 66 to 117 W (weighted mean 85 W; Figure 2b ). In subjects with a tetraplegia, the mean VO 2peak during WCE (Table 1c) Muscle strength of the upper extremity Most selected studies assessed subjects with a tetraplegia. Most subjects were men, who were on average 30 years old. Time since injury ranged from 1 month to 6 years. In paraplegia, the mean strength of the shoulder internal rotators was 30.6 kg and of the external rotators 22.0 kg. 44 For subjects with tetraplegia, these values were 14.8 and 11.7 kg, respectively. 44 The elbow flexion in subjects with tetraplegia ranged from 4.0 to 9.2 kg. 47, 49, 52 The mean strength for wrist extension was 6.5 kg. 47 Elbow extension scored between 8.0 and 11.1 kg. 47 MMT grades were used varyingly. One study reported a mean shoulder flexion of grade 3.7 and a mean shoulder extension of 3.6. 45 Summation of the score of three muscles in both shoulders resulted in a score of 25 out of 30. 48 Elbow flexion ranged from a grade 2 to 5. [45] [46] [47] 49, 52 Wrist extension ranged from 3.3 to 4. 45, 52 Elbow extension ranged from 0 to 2. 46, 47 The mean wrist flexion was 1.5. 45 The mean motor score of the five key muscles of both upper extremities was 19 or 20 out of 50. 48, 50, 51 Respiratory function Most selected studies assessed subjects with a tetraplegia. Time since injury usually exceeded 10 years. In paraplegia, mean FEV1 ranged from 86 to 98% of the predicted value for an age-, gender-and height-matched able-bodied population (weighted mean 90%; Figure 3 ). The mean FVC ranged from 81 to 86% of the predicted value (weighted mean 85%). In tetraplegia, mean FEV1 ranged from 40 to 80% of the predicted value (weighted mean 59%). The mean FVC ranged from 37 to 61% of the predicted value (weighted mean 55%).
Discussion
Level of VO 2peak and PO peak Relatively low values for VO 2peak and PO peak were a common finding and can be attributed to the dependency on arm exercise, the extent of paralysis, the reduced sympathetic control and the relative inactivity, which compromise physical capacity in SCI.
18,31,36,67 ACE in sedentary able-bodied persons is suggested to induce an oxygen uptake of 70% of the oxygen uptake that can be reached during a treadmill running test. 68 Assuming that the 70% ratio applies to persons with a paraplegia, the mean of 1.51 l/min corresponds to 2.16 l/min. This is comparatively low, especially because daily use of a wheelchair may induce a training effect in persons with a paraplegia, and therefore, they may even be compared to an able-bodied population practiced in arm-exercise. 18, 20, 69 It indicates that factors like paralysis of lower limbs, altered autonomic control and inactivity do compromise physical capacity in paraplegia.
In paraplegia, the weighted mean VO 2peak in WCE was higher than during ACE. This is in agreement with another study, which suggested that during WCE a larger muscle mass is activated, because muscles involved in stabilization of the trunk, and in the (un)coupling of the hand to the rim will be used. 24, 70 However, this is inconsistent with studies that assessed the same population alternately with both methods (Figure 4 ). These studies showed no significant differences in VO 2peak , 21, 24, 71, 72 or an even higher VO 2peak during ACE than during WCE. 20, 71 The inconsistency could be attributed to the fact that the present review compared results from different populations. The subjects studied during ACE were generally less active, and tested sooner after injury than subjects studied during WCE. Persons with long-standing SCI generally have a higher VO 2peak than persons with a recent SCI. 12, 73 Protocol differences could also explain the differences found; 20, 23, 43, 74 overall, the ACE started at a higher power output, and had greater subsequent increments. It is suggested that greater increments may underestimate peak values. 43 The weighted mean PO peak was lower in WCE than during ACE. This is consistent with other studies that assessed the same population alternately with both methods (Figure 4) , 20, 24, 71, 72 and suggests that the discontinuous and more complex movement pattern of Literature review of physical capacity in spinal cord injury JA Haisma et al wheelchair propulsion (as opposed to the continuous movement in arm-cranking) may limit its efficiency and lead to a lower PO peak . The combination of the relatively high VO 2peak with the low PO peak supports the finding that wheelchair propulsion is mechanically less efficient than arm-cranking. 24 Measuring VO 2peak and PO peak VO 2peak and PO peak have proven valid and sensitive outcome measures for the assessment of physical capacity, 1 and should be included in the follow-up of persons with an SCI. The outcome of the maximal exercise tests were expressed as peak levels of oxygen uptake and power output (instead of maximal levels), because some subjects may have been able to activate a larger muscle mass, either through activation of the lower limbs (eg in those with incomplete lesion), or without the restraints from overuse and fatigue of the upper extremities. 21, 34, 75 The large variability in results found in paraplegia may be attributed to differences in measurement protocol 20, 23, 74 and study population. 3 Because of lack of homogeneity, no consistent conclusions on the influence of a particular protocol can be drawn.
Muscle strength of the upper extremity
The HHD score for shoulder strength in subjects with a paraplegia compared favourably to an age-and gendermatched able-bodied population. 76 This seems plausible, as in paraplegia muscle strength may be enhanced by daily use of the upper extremity. 18 However, in tetraplegia, muscle strength additionally depends on the level and completeness of injury, neurological recovery and spasticity. In subjects with high cervical lesions, shoulder strength was reduced to 50% of values found in subjects with a paraplegia, or in the ablebodied population. 44, 76 The strength of elbow flexion and wrist extension was reduced to 15-30% of that in the able-bodied population. 47, 52, 76 However, elbow extension showed relatively greater strength (30-50% of that in the able-bodied population). 47, 76 The range of reported strength within the same muscle group may be attributed to subjects with incomplete lesions, who have a haphazard innervation pattern. Additionally, daily wheelchair use may have had a training effect in some subjects, and may cause overuse in others.
Measuring muscle strength of the upper extremity
Most studies incorporated the widely recognized and practical MMT and this was the motivation for choosing the MMT score as an outcome measure. However, the different scales and summations used hamper comparison between studies. The MMT score has other limitations, when compared to the HHD. Firstly, it is an ordinal scale, and therefore summations are not very meaningful. Secondly, it is a subjective score, probably sensitive to observer-bias. 77 Thirdly, it is limited in the ability to identify change for grades 4 and Literature review of physical capacity in spinal cord injury JA Haisma et al 5, and the registration of recovery is restricted by a ceiling effect. 49, 52, [77] [78] [79] Fourthly, it seems less valid, because it has a limited correlation with isokinetic dynamometry, which is often regarded the gold standard for the assessment of muscle strength, but is not manageable in use. 44, 77, 80 The HHD score has shown to be valid, and has a good reliability in SCI, both with experienced and inexperienced examiners. 44, 47, 49 Muscle strength is an important component of physical capacity, and is related to functioning. 81 Because outcome measures need to be valid, sensitive to change and reliable, consensus needs to be reached on how to assess strength. HHD seems a valuable tool for the evaluation of muscle strength in SCI.
Level of respiratory function
In subjects with a tetraplegia, the respiratory function was greatly reduced as compared to an age-, gender-and height-matched able-bodied population, whereas in paraplegia the scores were relatively normal. This is consistent with other reports, which suggest that the level of lesion is inversely correlated with respiratory function. 10, 82 When the thoracic and lumbar segments are injured, muscles of expiration are affected, while injury to the upper cervical cord additionally affects muscles of inspiration. 10, 82 Furthermore, increased inactivity in tetraplegia may add to the reduced respiratory function. 41 Both FEV1 and FVC were reduced, hence the ratio FEV1/FVC remained stable, which suggests that the respiratory problems are mostly restrictive in nature. 53 However, it is suggested that with loss of the sympathetic influence from the upper six thoracic segments, the parasympathetic bronchoconstriction remains unopposed. 55, 58, 59 This, together with airway obstruction following possible mucus collection, may result in additional obstructive problems. 64 The variability found in outcome in tetraplegia may be attributed to population differences. Studies that included subjects with incomplete lesions, 53, 54, 83 or those who were able to perform a maximal exercise test, 41 were expected to have higher scores. Smoking was related to a reduced respiratory function in subjects with a paraplegia; surprisingly, however, these studies reported no significant relation between smoking and respiratory function in tetraplegia. 53, 54, 83 Therefore, on the basis of these studies, smoking cannot be held responsible for population-related differences in outcome in tetraplegia. 
Measuring respiratory function
The respiratory function was expressed as a percentage of predicted values from an age-, gender-and heightmatched able-bodied suitable reference population. However, because level of lesion is an important determinant of respiratory function, one would ideally want to correct for this, but it would require a large comparative database to make a valid correction. All selected studies used the American Thoracic Society (ATS) criteria for accepting individual spirometry results. This may lead to biased results, because the most impaired subjects are not able to meet these criteria. It has been suggested that when the criteria are modified, reproducibility can be guaranteed without loss of results from these subjects. 84 Respiratory complications are responsible for about 25% of deaths following an SCI, 85 and 68% of persons with an SCI experience respiratory complaints. 86 Improved respiratory function may contribute to the prevention of complications; therefore, evaluation of this function is important in SCI rehabilitation.
Limitations
We aimed at integrating evidence on different aspects of physical capacity. However, the cardiovascular function was not investigated for two reasons. Firstly, stroke volume is not easily measured in rehabilitation practice. Secondly, peak heart rate is not a valid measure of physical capacity in SCI, and is not sensitive to change during training. 1, 34, 75 Reasons for this may be that upper body exercise is limited by local fatigue and overuse (rather than cardiovascular strain), and that peak heart rate varies too much in persons with a tetraplegia. 20, 21, 24, 71 Overall, a positive selection is shown which will bias the results. Firstly, most studies focused on male Respiratory function in subjects with a paraplegia (a) and subjects with a tetraplegia (b). M/F: ratio male/female; TSI: time since injury (years); C/I: complete/incomplete; smoking history: N: never; F: former; C: current; FEV1: forced expiratory flow in 1 s (l); FEV1%: forced expiratory flow as percentage of predicted; FVC: forced vital capacity (l); FVC% forced vital capacity as percentage of predicted; TP: tetraplegia; PP: paraplegia Literature review of physical capacity in spinal cord injury JA Haisma et al athletes. 3, 50, 57 Secondly, only those able to perform the tests were included, possibly excluding subjects with high cervical lesions. Thirdly, only those willing to participate were included. Hence, motivation and state of mood could influence both the selected population and performance during the tests. Owing to lack of homogeneity among the included studies, the integration of findings did not provide consistent and comparative values.
Conclusions
The level of physical capacity is reduced and varies in persons with an SCI. The variation between results is caused by population and methodological differences. To allow interpretation and comparison of results, researchers should meticulously describe the population and the methods used. Standardized assessment of physical capacity in clinical practice and rehabilitation research is needed for the effective prediction and evaluation of progress in future. The present study provides suggestions for the parameters to be determined and methods to be used. Additionally, it provides a descriptive database for physical capacity in persons with an SCI and, with caution, these data may be used as reference material in rehabilitation and training. Figure 2 (a) Mean peak oxygen uptake (l/min) for the included studies; PP: paraplegia; TP: tetraplegia; WCE: wheelchair exercise test; ACE: arm-cranking or hand-cycling. Weighted mean peak oxygen uptake for included studies is specified. (b) Mean peak power output (W) for the included studies; PP: paraplegia; TP: tetraplegia; WCE: wheelchair exercise test; ACE: arm-cranking or hand-cycling. Weighted mean peak power output for included studies is specified Figure 4 Mean peak power output (PO peak ) and peak oxygen uptake (VO 2peak ) for four study populations; WCE: wheelchair exercise test; ACE: arm-cranking or hand-cycling. Weighted mean peak power output or peak oxygen uptake for four studies is specified Figure 3 Mean respiratory function (as percentage of predicted values for an age-, gender-and height-matched able-bodied population) for included studies; PP: paraplegia; TP: tetraplegia; FEV1: forced expiratory flow in 1 s; FVC: forced vital capacity. Weighted mean FEV1 or FVC for included studies is specified Literature review of physical capacity in spinal cord injury JA Haisma et al
